Objectives: Elevated granulocyte-macrophage colony-stimulating factor auto-antibodies (GM-CSF Ab) are associated with increased intestinal permeability and stricturing behavior in Crohn disease (CD). We tested for familial association of serum GM-CSF Ab level in CD and ulcerative colitis (UC) families. Methods: Serum GM-CSF Ab concentration was determined in 230 pediatric CD probands and 404 of their unaffected parents and siblings, and 45 UC probands and 71 of their unaffected parents and siblings. A linear mixed effects model was used to test for familial association. The intra-class correlation coefficient (ICC) was used to determine the degree of association of the serum GM-CSF Ab level within families in comparison with the degree of association among families. Results: The median (IQR) serum GM-CSF Ab concentration was higher in CD probands than in UC probands (1.5 [0.5,5.4] mg/mL vs 0.7 [0.3, 1.6] mg/mL, P ¼ 0.0002). The frequency of elevated serum GM-CSF Ab concentration !1.6 mg/mL was increased in unaffected siblings of CD probands with elevated GM-CSF Ab, compared with unaffected siblings of CD probands without elevated GM-CSF Ab (33% vs 13%, respectively, P ¼ 0.04). A similar result was observed within UC families. In families of CD patients, the mean (95th CI) ICC was equal to 0.153 (0.036, 0.275), P ¼ 0.001, whereas in families of UC patients, the mean (95th CI) ICC was equal to 0.27 (0.24, 0.31), P ¼ 0.047. Conclusions: These data confirmed familial association of serum GM-CSF Ab levels. This could be accounted for by either genetic or environmental factors shared within the family.
What is New
The frequency of elevated serum granulocyte-macrophage colony stimulating factor auto-antibody concentration was increased in unaffected siblings of both Crohn disease and ulcerative colitis probands with elevated granulocyte-macrophage colony stimulating factor auto-antibodies. Intra-class correlation coefficient analysis confirmed familial association of the serum granulocyte-macrophage colony stimulating factor auto-antibodies level. This familial association could be accounted for by either genetic or environmental factors shared within the family.
T he inflammatory bowel diseases (IBD) are thought to be caused by multifactorial interactions between genetic, microbial, and environmental factors. Neutralizing granulocyte macrophage-colony-stimulating factor auto-antibodies (GM-CSF Ab) reduce neutrophil antimicrobial function and cause progressive lung injury in pulmonary alveolar proteinosis (1) . In Crohn disease (CD), we have reported that elevated GM-CSF Ab are associated with increased intestinal permeability, stricturing ileal disease, and higher rates of surgery (2, 3) . Moreover, GM-CSF Ab increase before increases in inflammatory biomarkers including CRP or fecal calprotectin and flares of active disease (4) . This suggests an environmental effect upon GM-CSF Ab levels. However, it is not known whether the GM-CSF Ab level is a familial trait or acquired immune parameter without association with genetic variation or shared environmental factors.
Antibodies directed against Saccharomyces cerevisiae (ASCA), Escherichia coli (anti-OmpC), and flagellin (anti-CBir1) are serologic markers associated with different phenotypes of IBD. Both the number of positive immune responses to these microbial antigens and magnitude of titer elevation are associated with complicated CD. Similar to high GM-CSF Ab levels, high ASCA titers are associated with early onset, stricturing and penetrating disease, need for small bowel surgery, and risk for early surgery in CD (5, 6) .
Despite significant advances in our understanding of the genetic architecture of IBD risk over the past decade, the link between genetic variation and specific clinically important endophenotypes is poorly understood. An exception to this are several studies, which have reported genetic variants associated with antimicrobial serologies in CD (7) (8) (9) (10) (11) (12) (13) (14) (15) . Increased expression of pANCA has been demonstrated in unaffected relatives of UC patients, and familial expression of ASCA and OmpC has been demonstrated in families of patients with CD (12, 13) . These studies were conducted in families of predominantly adult patients. It is likely that many genetic loci, which influence IBD risk and/or behavior function as quantitative trait loci, to regulate gene expression, or other quantitative traits (16, 17) . This may include genetic regulation of serum cytokine Ab levels as a quantitative immune trait. We, therefore, tested for the strength of association for serum GM-CSF Ab level within CD and UC families. We aimed to determine whether serum GM-CSF Ab level is a familial trait in families of pediatric CD and UC patients.
MATERIALS AND METHODS

Study Population and Ethical Considerations
Patients diagnosed with CD or UC between 5 and 18 years of age and their first degree relatives (parents and siblings) were recruited at Cincinnati Children's Hospital Medical Center and Emory University. Eight of the CD probands and 2 of the UC probands had a relative with IBD who was included in the study. As the numbers are small, we did not treat diseased siblings differently in the analysis. The first degree relatives were otherwise healthy without chronic illnesses. The study protocol was approved by the Institutional Review Boards at Cincinnati Children's Hospital Medical Center and Emory University. Informed consent was obtained from all participants 18 years of age and older at the time of recruitment and from one of their parents for all participants under 18 years of age. Assent was also obtained from study subjects ages 11 and older. Serum aliquots were obtained from probands and first-degree relatives.
Serum Granulocyte-macrophage Colonystimulating Factor Auto-antibodies, IgG, and CRP Enzyme-linked Immunosorbent Assays Serum GM-CSF Ab levels were quantified using enzymelinked immunosorbent assay (ELISA) as previously reported. The precision of the GM-CSF Ab assay ranges from 1.9% to 3.4% over the range of serum GM-CSF Ab detected (18) . The lower limit of quantification of the assay is 0.001 mg/mL (18) . Assay specificity was confirmed by showing that no signal was detected in IgGdepleted serum, or IgG-depleted serum containing each IgG immunoglobulin subclass (18) . Total serum IgG was measured by ELISA in duplicate utilizing reagents from Sigma (St. Louis, MO, USA) including: goat anti-Human IgG coating antibody-Sigma I2136; human IgG standard-Sigma I2511, and biotinylated goat antihuman IgG-Sigma B1140 (18) . Serum CRP was measured by ELISA in duplicate as per the manufacturer's protocol (R&D Systems [Minneapolis, MN, USA] CRP Quantikine ELISA Kit, sensitivity 0.022 ng/mL, intra-assay precision 3.8%-8.3%, interassay precision 6%-7%).
Analysis of Familial Aggregation
Summary statistics for serum GM-CSF Ab levels included median (IQR) and frequency of values !1.6 mg/mL in parents, probands, and siblings. Differences between groups were tested using the Mann-Whitney test, the Kruskal-Wallis test with Dunn test for multiple comparisons, or the x 2 -test, as indicated in the Figure or Table legends . Results with P < 0.05 were considered significant.
As continuous data analysis for familial association assumes normality of the data, base 10 log transformation was performed on the serum GM-CSF Ab levels so that the data would approximate the normal distribution. We analyzed the GMCSF Ab data on the log base 10 scale (or log based 10 transformed data) using a linear mixed effects model to test for familial association. Due to the log transformation, the estimated means, once converted back to the original scale, correspond to medians. The intra-class correlation coefficient (ICC) is defined as the proportion of variance explained by familial resemblance with the total variance given by the sum of variance among families (s ). An ICC for serum GM-CSF Ab levels was used to determine the degree of familial association of GM-CSF Ab levels within each group with the ICC indicating the percent of variation in GM-CSF Ab level accounted for by factors shared within families such as genetics and environment (13) . It was calculated both for families of pediatric CD patients and for families of pediatric UC patients. A likelihood ratio test was then used to test the statistical significance of the familial association of GM-CSF Ab levels for the ICC for both groups.
RESULTS
Study Population
A total of 275 affected probands participated; 230 of the probands had CD and 45 had UC. Clinical and demographic characteristics of the probands are summarized in Table 1 (19) . The number of relatives tested ranged from 1 to 5 for CD probands, and from 1 to 4 for UC probands, with 1 or 2 relatives included for 83% of the CD probands and 89% of the UC probands.
Variation in Serum Granulocyte-macrophage Colony-stimulating Factor Auto-antibodies Concentration and Clinical Phenotype
The median (IQR) serum GM-CSF Ab concentration was lower in UC probands (0.7 (0.3, 1.6) mg/mL) than in CD probands (1.5 (0.5, 5.4) mg/mL, Figure 1 , P ¼ 0.0002 by Mann-Whitney test). Within CD families, the median (IQR) serum GM-CSF Ab concentration increased from 0.6 (0.2, 1.7) mg/mL in unaffected siblings to 1 (0.4, 2.9) mg/mL in unaffected parents, and 1.5 (0.5, 5.4) mg/mL in CD probands (P < 0.0001 by Kruskal-Wallis test). By comparison, within UC families, the median (IQR) serum GM-CSF Ab concentration did not differ between unaffected siblings (0.4 (0.2, 0.9) mg/mL) and UC probands 0.7 (0.3, 1.6) mg/mL, and for both was lower than in unaffected parents (1.5 (0.6, 2.5) mg/mL, P ¼ 0.0022 by Kruskal-Wallis test). Amongst the CD probands, 3 had a mother with CD with GM-CSF Ab concentrations of 1.7, 2.1, and 26.1 mg/mL, respectively, 2 had a father with UC with GM-CSF Ab concentrations of 0.98 and 2.1 mg/mL, respectively, and 3 had a sibling with CD with GM-CSF Ab concentrations of 2.3, 13.2, and 49.4 mg/mL, respectively. Amongst the UC probands, 1 had a mother with UC with a GM-CSF Ab concentration of 7.9 mg/mL, and 1 had a father and a sibling with UC with GM-CSF Ab concentrations of 1.99 and 0.45 mg/mL, respectively. Data regarding total serum IgG and CRP was obtained for the families enrolled at the Cincinnati site. Consistent with our prior reports, serum GM-CSF Ab concentration for the CD probands was not associated with either total serum IgG (Supplemental Figure 1A The serum GM-CSF Ab concentration was !1.6 mg/mL in 49% of the CD probands, and 24% of the UC probands. Data regarding disease location and behavior was available for the families enrolled at the Cincinnati site. As shown in Supplemental Table 1 (Supplemental Digital Content 3, http://links.lww.com/ MPG/B204), CD probands with elevated GM-CSF Ab were less likely to exhibit inflammatory disease behavior (52% vs 77%, P ¼ 0.006), and more likely to exhibit stricturing disease behavior (18% vs 5%, P ¼ 0.04) than CD probands without elevated GM-CSF Ab. Although the number of UC probands was too few to draw firm conclusions, there was a trend towards a higher frequency of pan-colitis (100% vs 79%) in those with elevated GM-CSF Ab. Prior studies have demonstrated a higher frequency of elevated antimicrobial serologies within unaffected first degree relatives of CD probands with elevated antimicrobial serologies (12, 13) . We, therefore, next asked whether family members of CD or UC probands with serum GM-CSF Ab concentration !1.6 mg/mL would be more likely to also have a serum GM-CSF Ab concentration !1.6 mg/mL. Within CD families, the frequency of serum GM-CSF Ab concentration !1.6 mg/mL did not differ between parents who did or did not have a child affected by CD with elevated GM-CSF Ab (46% vs 37%, respectively, Fig. 2 ). The frequency, Ages are shown as per the Paris Classification system of A1a, A1b, and A2. Data are shown as n (%). CD ¼ Crohn disease; UC ¼ ulcerative colitis. FIGURE 1. Serum granulocyte-macrophage colony stimulating factor auto-antibodies levels in IBD probands and family members. The serum GM-CSF Ab concentration was measured by ELISA and is shown as the median (IQR) for the log 10 transformed values for CD or UC parents, probands, and unaffected siblings. Differences within the CD or UC family groups were tested using the KruskalWallis test with Dunn test for multiple comparisons.
Ã P < 0.05, ÃÃ P < 0.01, ÃÃÃ P < 0.001. APECED ¼ autoimmune polyendocrinopathycandidiasis-ectodermal dysplasia; CD ¼ Crohn disease; CRP ¼ Creactive protein; ELISA ¼ enzyme-linked immunosorbent assay; GM-CSF Ab ¼ granulocyte-macrophage colony-stimulating factor autoantibodies; IBD ¼ inflammatory bowel diseases; IQR ¼ interquartile range; PAP ¼ pulmonary alveolar proteinosis; UC ¼ ulcerative colitis.
FIGURE 2.
Frequency of elevated granulocyte-macrophage colony stimulating factor auto-antibodies (GM-CSF Ab) within CD or UC families. The serum GM-CSF Ab concentration was measured by ELISA, with an elevated value defined as !1.6 mg/mL. The percentage of CD or UC parents or unaffected siblings with elevated GM-CSF Ab is shown stratified by the status of the CD or UC proband. Proband GM-CSF Abindicates a serum value <1.6 mg/mL; proband GM-CSF Ab þ indicates a serum value !1.6 mg/mL. Differences between groups were tested by x 2 -test. Ã P < 0.05. CD ¼ Crohn disease; ELISA ¼ enzyme-linked immunosorbent assay; GM-CSF Ab ¼ granulocyte-macrophage colonystimulating factor auto-antibodies; UC ¼ ulcerative colitis.
however, of serum GM-CSF Ab concentration !1.6 mg/mL was increased in unaffected siblings of CD probands with elevated GM-CSF Ab, compared with unaffected siblings of CD probands without elevated GM-CSF Ab (33% vs 13%, respectively, P ¼ 0.04 by x 2 test). Within UC families, the frequency of serum GM-CSF Ab concentration !1.6 mg/mL was increased in parents who had a child affected by UC with elevated GM-CSF Ab, compared with parents who had a child affected by UC without elevated GM-CSF Ab (79% vs 40%, respectively, P ¼ 0.01 by x 2 test). Similarly, the frequency of serum GM-CSF Ab concentration !1.6 mg/mL was increased in unaffected siblings of UC probands with elevated GM-CSF Ab, compared with unaffected siblings of UC probands without elevated GM-CSF Ab (50% vs 0%, respectively, P ¼ 0.02 by x 2 test). Collectively, these data demonstrated that unaffected siblings of IBD probands with elevated GM-CSF Ab were more likely to also exhibit an elevated serum GM-CSF Ab concentration.
Familial Association of Serum Granulocytemacrophage Colony-stimulating Factor Autoantibody Level Within Crohn Disease Families
We then tested for evidence for familial association of the serum GM-CSF Ab as a continuous variable. We analyzed the GM-CSF Ab data on the log base 10 scale (or log based 10 transformed data) using a linear mixed effects model to test for familial association within families with a CD proband. We used the likelihood ratio test to test for the significance of familial association, for the 230 CD families with 634 GM-CSF Ab observations. As shown in Table 2 , the log-likelihood ratio test rejected the null hypothesis of no familial association (P ¼ 0.001) in CD proband cases. For the significant familial association in the CD proband case, we obtained 95% CIs for the within family correlation: we successively used the likelihood ratio for a range of nonzero correlation values and found the lower and the upper limit of each parameter value at which the likelihood ratio test does not reject any more (P value starts to be nonsignificant, ie, P > 0.05). In families of CD patients, the mean (95th CI) ICC was equal to 0.153 (0.036, 0.275). These results indicated that 15% of variation in the serum GM-CSF Ab level on the log base 10 scale was accounted for by factors shared within the family.
Familial Association of Serum Granulocytemacrophage Colony-stimulating Factor Autoantibody Level Within Ulceritis Colitis Families
We then performed the same analysis for the smaller number of UC families. We used the likelihood ratio test to test for the significance of familial association within 45 UC families with 116 serum GM-CSF Ab observations. As shown in Table 2 , the loglikelihood ratio test rejected the null hypothesis of no familial association (P ¼ 0.047) in UC proband cases. In families of UC patients, the mean (95th CI) ICC was equal to 0.27 (0.24, 0.31), indicating that 27% of variation in the GM-CSF Ab level was accounted for by factors shared within the family.
Familial Association of Serum Granulocytemacrophage Colony-stimulating Factor Auto-antibody Level After Adjusting for Total Serum IgG
Finally, we used regression to adjust for the association between serum GM-CSF Ab and total serum IgG in the subset of 109 families where both values were measured. Residuals from the regression analysis correspond to the serum GM-CSF Ab level adjusted for the total IgG level. The residuals were used as the response instead and we repeated the linear mixed effects model analysis and associated likelihood ratio test for the significance of familial association. As shown in Supplemental Table 2 (Supplemental Digital Content 4, http://links.lww.com/MPG/B205), this analysis confirmed familial association of serum GM-CSF Ab level within both CD and UC families after adjusting for total serum IgG.
DISCUSSION
Endogenous cytokine auto-antibodies (Ab) regulate disease activity in several infectious and auto-immune diseases (20) (21) (22) (23) (24) (25) . Whether variable responses to cytokine administration (GM-CSF, IL-10) or blockade (IL-17A, IFNg, TNFa) in IBD clinical trials has been resulting in part from endogenous cytokine Ab is not known (26) (27) (28) (29) (30) (31) (32) . We discovered that a sub-set of CD patients exhibit high titers of GM-CSF Ab (3). Increased titers of GM-CSF Ab are associated with reduced GM-CSF signaling and phagocyte antimicrobial function, increased intestinal permeability, and an expansion of CCR9þ effector T cells in the affected ileum (2, 3, 32, 33) . Our initial and replication studies in more than 1000 adult and pediatric CD patients have shown that elevated GM-CSF Ab are associated with higher rates of stricturing behavior and surgery (3, 34) .
Whether variation, however, in serum GM-CSF Ab within CD and UC patients is because of genetic and/or environmental factors shared within families was not known. In the present study, we have for the first time defined a significant familial association for serum GM-CSF Ab levels. From 15% (CD) to 27% (UC) of the variation in the serum GM-CSF Ab level was accounted for factors shared within the families. This is comparable to the association of serum ASCA previously reported within affected CD families (9, 13) .
Most cytokine Ab are high-affinity IgG Ab, suggesting involvement of plasma cells differentiated from cytokine-reactive B cells in the setting of a dysregulation in T-cell tolerance (1, (20) (21) (22) (23) (24) (25) 35, 36 ). Chronic cytokine stimulation may then trigger Ab production. A recent detailed analysis of epitope usage by GM- CSF Ab purified from PAP patients demonstrated that the target antigen is in fact GM-CSF, and not a molecular mimic (35, 36) . Although a genetic basis for variation in serum GM-CSF Ab has not been identified, Ab targeting type I IFN, and the Th17 cytokines IL-17A and IL-22, develop in the setting of loss-of-function mutations in the AIRE gene in APECED patients (22) . Current evidence supports a mechanism by which cytokine Ab production triggered by acquired factors such as antigen exposure and viral infection is strongly enhanced by impaired clonal deletion of selfreactive T cells under the AIRE gene abnormality in patients with APECED (22) . It is likely that many genetic loci, which influence IBD risk and/or behavior function as quantitative trait loci (16, 17) . This may include genetic regulation of serum cytokine Ab levels. This is supported by our observation regarding an increased frequency of elevated GM-CSF Ab in parents of UC probands with elevated GM-CSF Ab, as well as unaffected siblings of CD or UC probands with elevated GM-CSF Ab. We observed a modest association between serum GM-CSF Ab concentration and both serum CRP and total IgG in first degree relatives of the IBD probands. It will be of interest in future studies to determine whether unaffected parents or siblings with elevated GM-CSF Ab exhibit increased intestinal permeability, and are more likely to later develop CD or UC. If so, cytokine Abs may provide unique insight into processes related to disease development.
Our study included a large number of CD families including mothers, fathers, and unaffected siblings, and serum GM-CSF Ab observations determined at two sites. Limitations of our study, however, included the relatively small number of UC families, the lack of complete information regarding disease location and behavior, and the lack of information about disease activity at the time of serum collection. In our prior reports of GM-CSF Ab in IBD, we have found that the serum concentration increases with increasing age-ofonset, small bowel location, and during active disease (3, 34, 35) . We have not identified an association with sex or duration of disease. Because of the retrospective nature of our study, we were not able to account for disease activity at the time of serum GM-CSF Ab measurement in our analysis. A future prospective study will need to be conducted to confirm the current results, which will account for disease activity, and include a larger number of UC families.
In conclusion, we confirmed familial association of granulocyte-macrophage colony stimulating factor auto-antibodies shared within the family. Moreover, it is likely that genetic variants may regulate cytokine Ab levels, and thereby disease behavior and treatment responses, without affecting risk for the development of IBD itself. Our future studies will, therefore, also seek to discover and validate novel genetic loci associated with GM-CSF Ab levels in both adult and pediatric IBD patients and healthy controls, guided by the degree of family association defined in the current report.
